thermoregulation 19 20 Summary statement: Stress-induced hyperthermia (SIH) is displayed also by the high-arctic 21 Svalbard ptarmigan, suggesting that this response in birds is regulated as in other endotherms. 22
INTRODUCTION 41
Stress-induced hyperthermia (SIH), is a ubiquitous feature of the body's response to acute 42 stressors, such as restraint or an altered social context, in mammals and birds (e.g. Briese and 43 Cabanac, 1991; Cabanac and Briese, 1992 SIH is sometimes referred to as 'stress fever' or 'psychogenic fever' (e.g. IUPS Thermal 49 Commission, 2003) , although several studies suggest it employs different neural pathways 50 (Gray et al., 2008; Vinkers et al., 2009 ). Thermal responses leading to elevated T c during SIH 51 stress in birds is an increase in T c (i.e., SIH), and the reduced T c during handling in smaller 109 species of birds is, in fact, a consequence of increased heat loss rate (e.g. from plumage 110 disturbances or increased conductive cooling; cf. Andreasson et al., 2019; Lewden et al., 111 2017) rather than representing a differentially regulated response, we predicted that the larger 112 and well-insulated Svalbard ptarmigan would show an elevation of T c that was qualitatively 113 similar at thermoneutral (0°C) vs. very low (-20°C) T a 's, and that this would be preceded by 114 reduced peripheral temperature (reflecting cutaneous vasoconstriction). Because the Svalbard 115 ptarmigan has low thermal conductance compared to other species, even at its leanest in 116 summer (Mortensen & Blix 1986), we also predict that any seasonal effect on the thermal 117 responses to handling should be minor. 118 119 120
MATERIALS AND METHODS 121

Birds and housing 122
Twelve male Svalbard ptarmigan were used. Six were captured as chicks near Longyearbyen, 123 Svalbard (78°13' N, 15°38' E) 16 to 17 months before the start of the experiment, and the 124 other six were captive bred at the University of Tromsø -the Arctic University of Norway. At 125 6 temperatures (T a ) 0°C (T a = -0.1 ± 0.6°C (s.d.), which is within the thermoneutral zone, and at 143 -20°C (-19.9 ± 0.5°C), which is far below thermoneutrality in Svalbard ptarmigan 144 independent of season (Mortensen and Blix, 1986; Nord and Folkow, 2018). We used 11 birds 145 in winter, of which 10 were measured in 0°C and five also in -20°C. One additional bird was 146 measured only in -20°C. Seven of the 11 winter birds, and one additional bird, were measured 147 in spring (i.e., 0°C: n = 8 birds; -20°C: n = 5 birds, of which 4 had been measured in -20°C 148 also in winter). In winter, 7 birds were first measured in 0°C, and 4 birds were first measured 149 in -20°C. In spring, all birds were first measured in 0°C and then in -20°C. Repeated 150 measurement within seasons were spaced 27 ± 3 (s.d.) days (range 24 to 31 days). Birds were 151 monitored as part of a study that is not reported here for 21 days after each measurement Once thermocouples were attached and before the handling experiment, we placed the bird in 168 a 33.6 l transparent acrylic glass metabolic chamber (that was ventilated with ambient air at 169 5.1 ± 0.3 l min -1 ) inside a climatic chamber (model 24/50 DU, Weiss Technik, Giessen, 170
Germany) for measurement of resting metabolic rate and body temperatures during 1 h 44 171 min ± 13 min (s.d.), as part of a different study. Both metabolic rate and body temperatures 172 stabilized at lower levels within 30 min after instrumentation. After completion of metabolic 173 measurements, we opened the metabolic chamber, side-pinned (terminology sensu Herborn et 174 al., 2015) the bird, and administered an immune challenge (100 μ l 1 mg kg -1 intramuscular 7 changes in body temperatures that were recorded during and after the handling stress that was 177 induced thereby. This stressor lasted, on average, 3.2 ± 0.6 min (s.d.) (range: 2.5 to 5.3 min) 178 and did not differ in length between seasons or T a 's (season × T a , season, T a : all P ≥ 0.3). 179
Thus, the order of events during measurements were: capture and instrumentation (10-15 180 min); equilibration and baseline data collection at relevant T a (104 min); handling stress (3 181 min) and post-stressor data collection (20 min). Because the metabolic chamber was fully 182 open when birds were handled, metabolic rate could not be measured during, and in the 20 183 min period following, stress exposure. 184 185 During winter measurements, the climatic chamber was always dark (except for illumination 186 with dim red light, << 1 lx, to allow video inspection) to simulate polar night. In spring, the 187 chamber was always fully illuminated by full spectrum white light bulbs. All but three birds 188 had been subjected to a similar handling-and measurement protocol on 2 to 8 instances in a 189 previous study (mean ± s.d.: 6 ± 2) (for details on this protocol, see Nord and Folkow, 2018). 
Data analyses 200
We only used data from periods where the birds were at full rest (standing or walking but not 201 moving vigorously, or perched with ptiloerection) immediately before handling. This criterion 202 was met in 24 of 31 instances (winter, 0°C: 8 of 10; winter, -20°C: 5 of 6; spring, 0°C: 7 of 8; 203 spring, -20°C: 3 of 5). We also dismissed data from T head thermocouples that fell off or broke 204 (winter, -20°C: 1; spring, 0°C: 2; spring, -20°C: 1). T c and T back data were complete. 205 206 Pre-handling data were collected during 2 min immediately before handling (i.e., interaction as factors, and 'bird id' as a random intercept to account for repeated 225 measurements. We did not include body mass or body condition in any models, because both 226 parameters varied strongly between, but only very little within, seasons (above). These 227 metrics, therefore, conveyed largely the same statistical information as 'season', so testing for 228 any of the former in presence of the latter was not warranted. Parameter estimates and test statistics are reported in Table S1 . 238 239 All T c responses to handling were positive and attenuated in -20°C compared to in 0°C. 240 Accordingly, birds reached 0.19 ± 0.06°C greater maximum T c in 0°C (Δ T c = 0.52 ± 0.04°C) 241 than in -20°C (Δ T c = 0.32 ± 0.05°C) (P = 0.009, Fig. 2 ). Response duration, i.e. the time 242 taken for T c to return to pre-handling levels for at least 30 s once the stressor had been 243 removed, was longer in 0°C (13.4 ± 1.1 min) than in -20°C (5.6 ± 1.4 min) by 7.8 ± 1.8 min (+138%) (P < 0.001, Fig. 2 ). The response magnitude, i.e. the mean deviation from pre-245 handling T c during the response, was larger when birds were measured in thermoneutrality 246 (0.29 ± 0.03°C) than when they were measured in -20°C (0.17 ± 0.04°C), by 0.12 ± 0.04°C (P 247 = 0.016). The modifying effect of T a was always uniform across seasons (season × T a : all P ≥ 248 0.22), and there was no difference in mean responses between winter and spring (P ≥ 0.43 in 249 all cases; Table S1 ). 250 251 T back decreased on average during handling. However, one bird showed increased T back in three 252 out of four measurement sessions, and two additional birds showed positive response when 253 measured in thermoneutrality in spring (Fig 1) . In all but one of these cases, positive 254 responses were preceded by a slight T back decrease (Fig. 2B ). The strongest Δ T back response 255 was 1.38 ± 0.44°C below pre-handling levels. There was a tendency for a stronger maximum 256 response at -20°C (-2.03 ± 0.77°C) than at 0°C (-1.01 ± 0.53°C) (P = 0.092; Fig. 2 ). Birds had 257 recovered this decrease within 10.5 ± 1.3 min, but tended to take longer to do so at -20°C 258 (12.0 ± 2.2 min) than at 0°C (7.2 ± 1.8 min) (P = 0.098; Fig. 2 ). Average response magnitude 259 was uniform, at 0.45 ± 0.16°C below pre-handling T back , across T a 's. Neither season nor the 260 season-by-T a interaction affected the T back response to handling (all P as it did in 0°C. T back , moreover, tended to decrease about twice as much in -20°C than in 0°C 279 (Fig. 2) . This could suggest that a stronger peripheral vasoconstrictor response was employed 280 to elevate T c when T a was lower, but more likely reflects that the drop in skin temperature 281 when cutaneous blood flow was diminished in the cold, was larger in the lower T a due to a 282 more rapid heat loss rate. Thus, the difference in response strength in the two T a 's most likely 283 reflected that higher heat loss rate in the cold slowed and blunted the T c response, and 284 increased T back change, relative to changes in the milder T a . 285
286
In some cases (5 of 24), birds responded to handling by vasodilation of back skin (reflected by 287 increased T back ; Fig. 2 ), but this was preceded by an initial T back decrease in all but one of 288 these instances. This suggests that also those few birds that displayed positive T back change at 289 least initially met the stressful stimulus with the expected cutaneous vasoconstrictor response, 290 but then, for some reason, rapidly switched to vasodilation. Our data do not allow us to 291 determine the proximate explanation for this result, which could be related to skin 292 thermocouple placement in relation to vascular structures, or that the thermal state of these 293 particular birds caused them to revert to heat dissipation because a new set-point temperature 294 was reached more rapidly. In this latter context, we noted that pre-handling T back was higher 295 (by 1.05°C) in these birds. 296 297 T head on the scalp increased in response to handling, but only after a short-lasting drop that 298 implied rapid vasoconstriction (Fig. 2) . Thus, cutaneous T head initially followed predictions for 299 peripheral temperature change during acute stress, but rapidly reverted to the opposite 300 response. The temperature increase was probably a combined effect of increased delivery of 301 internal heat to the head in conjunction with the rise in T c, and increased blood flow to the 302 brain in response to the stressor (Hasler et al., 2007; Wang et al., 2005 ) that together 303 outweighed any reduced supply of heat due to constriction of head skin vasculature. Increased 304 blood delivery to the brain likely prompted higher attentiveness and increased cognitive 305 ability that would aid the animal in decision-making in a threatening situation. 306
Physiologically, increased temperature in the poorly insulated head (cf. Nord and Folkow, 307 2018), lasting several minutes after removal of the stressor, probably contributed to reversal 308 of the T c response due to its effects on central thermoreceptors, even if the ultimate 309 explanation for T head change in our study was not related to heat dissipation as such. It, explain why we mostly did not record any corresponding compensatory peripheral 313 temperature increase in back skin as T c returned to normothermia (Fig. 2B ). This is in contrast 314 to previous studies of the body temperature responses to handling conducted in considerably 315 milder T a , e.g. in the cold-tolerant common eider (Somateria mollissima) (Cabanac and 316 Guillemette, 2001) . 
